Fatigue is one of the earliest nonspecific symptoms of radiation exposure in humans, 26 but its etiology, mechanism, and dose dependency remain unexplained. Investigating initial 27 behavioral changes caused by irradiation of animals might provide important information to 28 aid understanding of early health effects of radiation exposure and clinical features of 29 radiation injury. Although previous studies in rodents suggested that radiation exposure 30 leads to reduced activity, detailed properties of the effects were unrevealed due to a lack of 31 proper statistical analysis, which is needed to better elucidate details of changes in 32 locomotor activity. Ten-week-old male Wistar rats were subjected to single point external 33 whole-body irradiation with 60Co gamma rays at 0, 2.0, 3.5, and 5.0 Gy (4 rats per group). 3 34 Infrared sensors were used to continuously record locomotor activity of each rat. Cumulative 35 number of movements during the night was defined as "activity" for each day. A non-linear 36 mixed effects model accounting for individual differences and daily fluctuation of activity was 37 applied to analyze the rats' longitudinal locomotor data. Despite a small number of animals 38 per group, our statistical method successfully revealed characteristics of the changes in 39 locomotor activity after radiation exposure, showing that 1) reduction in activity occurred 40 immediately-and in a dose-dependent manner-after irradiation and 2) recovery to 41 pre-irradiation levels required almost one week, with the same recovery rate in each dose 42 group. In addition to improving our understanding of radiation effects on locomotor activity, 43 this statistical framework should be useful to analyze other data with similar structure. 44 45 65
Introduction

46
In humans, one of the earliest effects of radiation exposure to the whole body or to a large portion of the whole body is a prodromal period of nonspecific signs and symptoms such as nausea, 48 emesis, fatigue, fever, and anorexia [1 −2] . The prodromal syndrome is generally mild or absent at 49 total body doses of 1 Gy or less and occurs from minutes to days following exposure [3−5] . However,
50
it is unclear to what extent these symptoms are psychogenic versus radiation-induced. Therefore, 51 the relationship between initial symptoms and radiation dose is not well understood. the most prevalent and the most severe symptom reported by patients [6] . With fractionated doses of 55 radiation for cancer treatment, radiation-induced fatigue sets in within a few days after start of 56 treatment and decreases after treatment completion [7] . Although the underlying mechanisms of 
62
In animals, there have been many studies of radiation-induced behavioral effects, and 63 performance decrement after irradiation has been noted in several reports. 
79
The purpose of the present study was therefore to examine in detail the changes over time in 80 locomotor activity of rats immediately after external irradiation with 60 Co gamma rays by using such 81 statistical models. Specifically, we aimed to assess the time when reduction of locomotor activity 82 begins, the time when locomotor activity recovers to pre-irradiation level, the dose dependency of the 
114
Measurements were started 3 days before irradiation and continued for 20 days after irradiation. 
128
This suggests that the activity defined in this study represents the nocturnal characteristic of rats and 129 it shows that the measure has relevance as an indicator of a rat's activity. 138 An acute decrease in activity after irradiation followed by quick recovery to the pre-irradiation level can 139 be seen in every exposed group, whereas no such change or trend was observed in the control group. There also was large inter-animal variation with daily fluctuation in activity. 
where indicates day of irradiation. We assume the model 
Algorithm and software for implementation of data analyses
The parameters in the linear mixed-effects models can be computed with the "lmer" function in the 178 "lme4" package for R [25] . In this study, the ML method was used to compare the goodness-of-fit 179 of models with the AIC criterion. Estimation results were almost the same with both methods. Table 1 (b) and Table 2 (b)). Therefore the fit of the NLMM was preferable to that of the NLRM in terms of prediction and accuracy.
239
The estimated time dependency of activity in each group under the optimal NLMM is shown in Fig 5 . 
244
In each of the irradiated groups, activity decreased immediately after irradiation but recovered to the 245 pre-irradiation level within a few days with a common recovery rate irrespective of dose.
246
Discussion
247
One of the advantages of using the more complex NLMM structure, as demonstrated in this 248 paper, is that a second-order dose dependency could be detected in the initial decrease, which was curve from the optimal NLMM was a downward convex quadratic curve.
259
The plots of predictions of individual differences by dose group (Fig 3 (a) ) show that the ˆi  260 assumption of homoscedasticity for distributions of individual difference between the four dose 261 groups seems to be satisfied. This means that the random assignment of rats to the four groups was 262 effective in terms of individual differences. The plots of predictions of time-dependent daily 263 fluctuation (Fig 3 (b) indicating that no strong autocorrelation is observed in daily fluctuation. performed, but it is necessary to investigate late effects. The irradiation was a single and sub-lethal 268 dose, so it is considered that damage was acute, disappearing in a short period of time, and 269 resilience to allow recovery from the damage was not affected by irradiation. The effects of chronic materials have been released into the environment [27] .The dose to the public is estimated to be low
275
[28], but many Japanese people are worried about the resulting health effects of chronic low dose 276 exposure.
277
In the present study, effects of irradiation on behavior of rats were investigated efficiently,
278
despite a small number of animals with large individual differences. This was achieved by using a 279 statistical method that accounts for inter-animal differences and daily fluctuation in activity-a 280 non-linear mixed model fit to repeated measurements. With such an efficient approach, we were able 281 to demonstrate a temporary, but dose-dependent, decrease in activity following irradiation and a 
